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Abstract.  Gradual  rise-and-fall  (GRF)  microwave  bursts  and  long  duration  soft  X-ray  events  (LDEs)  are 
generally  accompanied  by  solar  coronal  mass  ejections  (CMEs).  We  use  reports  from  the  Ottawa  and 
Penticton  stations  to  examine  the  annual  variations  from  1965  to  1985  of  10.7  cm  GRF  bu..-  with  total 
durations  of  at  least  4  hr.  The  annual  numbers  of  such  bursts  are  well  correlated  with  the  q'  n  10.7  cm 

flu.x  densities.  This  result  is  in  contrast  with  the  finding  of  Koomen  etal.  (1985)  that  the  annual  numbers 
of  S  4  hr  GOES  soft  X-ray  events  are  not  well  correlated  with  sunspot  numbers.  We  show  that  the  latter 
result  is  biased  by  the  large  variation  of  the  quiet-Sun  X-ray  background  throughout  the  solar  cycle. 
Four-hour  events  are  more  easily  detected  in  X-ray  data  than  in  10.7  cm  data  at  solar  minimum,  but, 
conversely,  these  events  are  much  more  easily  detected  in  10.7  cm  data  around  solar  maximum.  About  70% 
of  the  most  energetic  CMEs  are  associated  with  ^  4  hr  X-ray  or  10.7  cm  bursts.  A  one-to-one  relationship 
does  not  exist  between  CMEs  and  either  LDEs  or  GRF  bursts  viewed  in  full-Sun  detectors. 


1.  Introduction  ’■/ 

y*  ■ 

Long-duration  soft  X-ray  events  (LDEs)  and  microwave  bursts  are  characteristically 
accompanied  by  coronal  mass  ejections  (CMEs)  (Sheeley  etal.,  1975,  1983).  Skylab 
X-ray  observations  of  LDEs  (Kahler,  1977;  MacCombie  and  Rust,  1979)  have  sup¬ 
ported  the  model  of  Kopp  and  Pneuman  (1976)  in  which  a  loop  prominence  system  is 
formed  by  magnetic  reconnection  of  held  lines  tom  open  by  the  eruptive  CME.  In  the 
model  the  loop  prominence  system  emits  both  soft  X-rays  and  microwave  emission  by 
thermal  bremsstrahlung.  Comparisons  of  X-ray  and  microwave  fluxes  for  a  number  of 
gradual  flare  events  have  shown  that  the  fluxes  are  consistent  vyith  this  thermal 
bremsstrahlung  hypothesis  (Hudson  and  Ohki,  1972;  Shimabukuro,  1972). 

The  association  of  CMEs  with  LDEs  motivated  Koomen  et  al.  (1985)  to  examine  the 
occurrence  frequency  of  LDEs  observed  with  the  Solrad  and  GOES  X-ray  detectors 
from  1969  through  1982.  They  found  that  the  annual  variation  of  LDEs  lasting  >  4  hr 
was  poorly  correlated  with  the  annual  sunspot  numbers.  This  result  was  due  primarily 
to  LDEs  of  durations  >  6  hr,  which  were  slightly  anticorrelatcd  with  sunspot  numbers. 

Since  the  >  6  hr  LDEs  are  almost  certainly  associated  with  CMEs  (Sheeley  et  ah,  1983), 
and  the  occurrence  rate  of  CMEs  follows  that  of  the  solar  activity  cycle  (Howard  et  al., 
1986),  the  anticorrelation  with  sunspot  number  was  not  expected.  However,  some 
CMEs  are  associated  with  ^  4  hr  X-ray  events  (Sheeley  et  al.,  1983)  and  some  frontside 
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TABLE  1 


Peak  flux  densities  of  >4  hr  gradual  10.7  cm  bursts 


Year 

Flux  density  ('  fu.) 

Average 

annual 

background 

(s.fu.) 

0-4.9 

5.0-9.9 

10-19.9 

20-39.9 

>40 

Total 
^  5  s.f.u. 

1%5 

4 

1 

1 

0 

0 

2 

75.9 

1966 

6 

IQ 

6 

2 

0 

18 

102.2 

1967 

5 

15 

11 

4 

0 

30 

143.2 

1968 

2 

7 

5 

1 

2 

15 

149.1 

1969 

1 

12 

7 

4 

1 

24 

151.2 

1970 

4 

16 

14 

9 

3 

42 

•  156.1 

1971 

8 

12 

6 

1 

0 

19 

118.3 

1972 

18 

It 

1 

3 

33 

121.0 

1973 

12 

16 

0 

I 

1 

2/ 

9i.4 

1974 

15 

9 

3 

4 

1 

17 

86.6 

1975 

6 

2 

1 

0 

0 

3 

76.1 

1976 

5 

3 

2 

1 

0 

6 

73.4 

1977 

15 

1 

0 

0 

0 

1 

86.9 

1978 

20 

17 

16 

3 

5 

43a 

143.5 

1979 

14 

15 

23 

7 

3 

48 

191.7 

1980 

12 

21 

31 

14 

2 

69“ 

198.4 

1981 

8 

15 

32 

19 

9 

75 

202.6 

1982 

13 

13 

25 

17 

12 

67 

175.1 

1983 

14 

12 

5 

4 

0 

28 

119.8 

1984 

10 

9 

<7 

/ 

3 

0 

19 

101. 1 

1985 

1 

1 

2 

0 

0 

5 

74.7 

*  Three  large  (>  30  s.f.u.)  bursts  in  threse  years  were  not  completely  observed  and  are  not  listed  in  the  bins 
of  flux  density. 


bin  (1979-1982).  One  generally  expects  the  size  distribution  of  10.7  cm  bursts  to 
increase  toward  smaller  flux  densities,  so  we  now  ask  why,  in  times  of  enhanced  solar 
activity,  the  lowest  bin  is  apparently  underreported. 

One  possibility  is-  that  during  periods  of  high  activity  the  daily  variations  of  the 
background  solar  10.7  cm  flux  density  are  greater  than  around  solar  minimum  and  thus 
mask  small  burst  increases.  We  have  tested  this  possibility  by  examining  the  changes 
in  quiet-Sun  flux  densities  occurring  between  the  daily  14  :  00  and  20  :  00  UT  measure¬ 
ments  at  Ottawa  for  two  groups  of  bursts.  The  first  group  were  those  during  1973 
through  1977,  when  the  largest  numbers  of  events  were  in  the  smallest  size  bin  and  the 
annual  10.7  cm  quiet-Sun  fluxes  ranged  from  73  to  94  s.f.u.  The  other  group  were  those 
bursts  during  1979  through  1982,  when  the  largest  numbers  of  bursts  were  reported  in 
the  third  (10-19.9  s.f.u.)  bin  and  the  annual  10.7  cm  quiet-Sun  fluxes  ranged  from  175 
to  203  s.f.u.  For  each  burst  in  these  two  groups  we  calculated  the  difference  between 
the  two  daily  Ottawa  quiet-Sun  flux  densities,  if  measured.  If  either  measurement  was 
compromised  by  the  presence  of  a  burst,  we  used  the  difference  from  the  last  previous 
‘uncontaminated’  day.  These  differences  are  plotted  in  the  two  histograms  of  Figure  1 . 
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Fig.  I .  Histograms  of  the  differences  in  1 0.7  cm  quiet-Sun  flux  densities  measured  at  14  :  00  and  20  :  00  UT 
at  Ottawa  for  bursts  of  Table  I.  The  two  histograms  compare  the  period  of  low  solar  activity  (1973-1977) 
with  that  of  high  activity  (1979-1982).  These  small  differences  indicate  that  10.7  cm  bursts  of  >  5  s.f.u. 
should  be  readily  detected  during  both  epochs  of  solar  activity.  The  slight  positive  bias  in  the  ifferences 

is  not  understood. 


The  distribution  of  differences  is  only  slightly  broader  during  the  period  of  higher 
quiet-Sun  flux  densities,  and  for  both  periods  most  differences  are  less  than  2.5  s.f.u. 
in  magnitude.  Even  during  the  1979-1982  period  83%  of  all  differences  were  less  than 
5  s.f.u.  in  magnitude.  We  interpret  these  small  differences  to  indicate  that  bursts  of 
Sp>  5  s.f.u.  should  be  equally  discemable  at  all  times  during  the  solar  cycle. 

Another  possible  explanation  for  the  unexpected  size  distribution  during  1979-1982 
in  Table  I  is  that  the  FBI  bursts  were  more  numerous  than  the  GRF  bursts  at  that  time 
and  the  Sp  values  of  the  FBI  bursts  are  generally  large.  We  find,  however,  that  during 
the  1973-1977  period  1 1  of  the  1 14  total  bursts  (10%)  were  FBI  bursts  and  that  during 
1979-1982  28  of  306  total  bursts  (9%)  were  FBT  bursts.  Thus  the  FBI  burst  contribution 
to  the  otaUsLics  of  Table  I  is  small  and  is  independent  of  the  level  of  solar  activity.  The 
reason  for  the  maximum  occurrence  numbers  to  lie  in  the  10-19.9  s.f.u.  bin  rather  than 
in  a  lower  bin  during  1979-1982  is,  therefore,  unclear. 

For  the  period  1965-1985  we  have  calculated  correlation  coefficients  between  the 
annual  mean  values  of  10.7  cm  flux  density  and  the  numbers  of  bursts  per  year  above 
fixed  flux  density  thresholds.  We  found  r  >  ().8  for  all  cases,  with  a  maximum  value  of 
r  =  0.90  for  the  burst  threshold  of  5^  >  5  s.f.u.  The  numbers  of  bursts  with  Sp>  5  s.f.u. 


CYCLE  variation  OF  LONG  DURATION  10  7  CM  AND  SOFT  X-RAY  BURSTS 


389 


YEAR 


Fig.  2.  Top:  the  annual  numbers  of  GRF  and  FBI  bursts  of  >  5  s.f.u.  reported  at  10.7  cm  by  Ottawa  and 
Penticton.  Solid  line:  all  bursts  with  ^  4  hr  durations.  Dashed  line:  ail  bursts  with  ^  6  hr  durations.  Bottom: 
the  monthly  means  of  the  10.7  cm  quiet-Sun  flux  densities  measured  at  Ottawa  and  corrected  to  a  distance 
of  1  AU.  The  fiducial  marks  on  the  abscissa  indicate  the  midpoint  of  each  year. 


are  plotted  in  Figure  2,  where  the  good  correlation  between  burst  numbers  and  solar 
activity  throughout  the  21-year  period  is  obvious. 

2.2.  Reexamination  of  the  results  of  Koomen  et  al. 

A  surprising  result  of  the  LDE  study  by  Koomen  et  al.  (1985)  was  that  the  yearly 
numbers  of  their  1-8  A  LDEs  with  durations  of  6  hr  or  more  were  weakly  anticorrelated 
(r  =  -  0.23)  with  sunspot  number  during  the  1969-1982  period.  However,  in  their  LDE 
selection  procedure  Koomen  et  al.  did  not  take  into  account  the  considerable  solar-cycle 
variation  of  the  full-Sun  X-ray  background,  a  variation  of  about  two  orders  of  magnitude 
from  minimum  to  maximum  (Kreplin  et  al.,  1977).  For  a  given  size  distribution  of  LDE 
peak  fluxes,  wc  would  expect  the  high  background  flux  level  at  solar  maximum  to  mask 
many  small  events,  leading  to  an  artificial  dearth  of  LDEs  at  that  time. 

To  test  this  effect  in  the  Koomen  et  al.  study  we  compared  >  6  hr  LDEs  during  the 
1975-1977  period  around  solar  minimum  with  those  during  the  1979-1982  period 
around  solar  maximum.  Using  the  LDE  event  list  supplied  by  M.  Koomen  (private 
communication)  and  daily  plots  of  GOES  1-8  A  fluxes  (Donnelly,  1981 ;  Donnelly  and 
Bouwer,  1981 ;  Solar-Geophysical  Data,  1979-1983),  we  tabulated  both  the  peak  1-8  A 
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B1  Cl  Ml  XI  Yl 


1-8  A  X-RAY  FLUX 


Fig.  3.  Histograms  of  the  pre-event  backgrounds  and  peak  fluxes  of  the  >  6  hr  LDEs  for  the  periods 
around  solar  minimum  {top)  and  solar  maximum  {bottom).  Events  are  those  compiled  by  Koomen  ef  al. 
(1985).  The  logarithmic  X-ray  flux  scale  is  as  follows:  Bl  =  10“’Wm-^,  Cl  =  10-®Wm-^, 
Ml  =  IQ-^Wm"^,  Xl  =  10~‘‘Wm-^,  Yl  =  10  The  median  values  of  each  distribution  are 

shown  by  the  arrows. 


flux  and  the  preceding  background  flux  of  each  event.  The  histograms  of  these  fluxes 
in  the  CMX  classification  system  are  shown  in  Figure  3.  It  is  obvious  that  the 
background  levels  of  1975-1977  are  substantially  lower  than  those  of  1979-1982.  The 
median  background  values  of  the  two  epochs  diifer  by  a  factor  of  20,  and  the  median 
value  of  the  1979-1982  LDE  peak  fluxes  is  higher  by  a  factor  of  15  than  that  of  the 
1975-1977  period.  If  we  assume  that  at  all  times  the  distribution  of  LDE  peak  fluxes 
increases  monotonically  with  decreasing  peak  fluxes,  as  is  generally  the  case  for  energy 
parameters  of  solar  flares  (Hudson,  1978),  it  is  clear  that  in  comparison  with  the 
1975-1977  period  a  substantial  number  of  low-flux  LDEs  were  unobserved  in 
1979-1982  due  to  the  high  backgrounds.  We  suggest  that  the  apparent  lack  of  a 
correlation  between  annual  numbers  of  >  6  hr  LDEs  and  sunspot  number  is  a  result 
of  the  variation  of  background  X-ray  flux  and  is  not  a  good  measure  of  the  solar  cycle 
variation  of  those  events.  As  another  test  of  this  conclusion  we  show  in  Figure  2  the 
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annual  numbers  of  >  6  hr  radio  bursts.  These  bursts  also  appear  well  correlated 
(r  =  0.78)  with  the  10.7  cm  quiet-Sun  flux  densities. 

2.3,  COMP.^RISON  OF  LONG-DURATION  X-RAY  AND  10.7  CM  PROFILES 

In  the  preceding  sections  we  have  assumed  that  the  X-ray  LDEs  and  the  10.7  cm  GRF 
events  are  signatures  of  the  same  coronal  phenomena.  In  this  section  we  compare  the 
two  signatures  for  common  events  to  establish  the  close  relationship  between  the 
signatures  and  to  gain  an  insight  into  the  relative  sizes  of  the  two  flux  densities.  We 
selected  21  radio  bursts  with  reported  durations  at  10.7  cm  of  at  least  6  hr.  For  each 
of  these  bursts  we  used  the  Ottawa  strip  chart  records  (supplied  by  M.  Bell)  to  determine 
the  flux  densities  3  hr  after  the  burst  onsets.  The  3  hr  time  was  chosen  to  exclude 
completely  the  effects  of  impulsive  phase  bursts.  One  of  these  bursts  is  shown  in 
Figure  4.  For  an  additional  13  Koomen  et  al.  (1985)  X-ray  LDEs  during  the  solar 
minimum  period  of  1976  and  1977  we  used  the  reports  of  Covington,  Gagnon,  and 
Moore  (1977)  and  Bell,  Gagnon,  and  Moore  (1980)  to  estimate  the  10.7  cm  flux 
densities  at  comparable  times  during  the  decay. 

The  results  are  shown  in  Figure  5,  where  a  rough  proportionality  is  evident.  As 
discussed  in  Section  2.1,  we  consider  the  10.7  cm  bursts  with  flux  densities  >  5  s.f.u. 


TIME  (U.T.) 

Fig.  4,  The  flux  profiles  of  the  LDE/GRF  of  17  August,  1980.  The  event  onset  occurred  at  ~  13  ;  20  UT; 
the  data  points  for  the  decay  phase  3  hr  later  are  shown  by  the  arrows.  The  Ottawa  10.7  cm  profile  has  been 
expanded  in  scale  and  redrawn  from  the  original  strip  chart. 
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Fig.  5.  IU.7  cm  flux  densities  and  GOES  1-8  A  X-ray  fluxes  measured  3  hr  after  the  onsets  of  GRF/LDE 
events.  Bars  to  the  left  of  the  data  points  indicate  background  X-ray  fluxes.  Four  X-ray  bursts  were  not 
accompanied  by  reported  10.7  cm  bursts;  these  are  shown  below  the  break  in  the  scale.  The  two  diagonal 
lines  show  the  relationship  expected  between  the  10.7  cm  and  1-8  A  fluxes  for  a  thermal  bremsstrahlung 

source,  according  to  Equations  (1)  and  (2). 


to  be  reliably  reported.  At  the  5  s.f.u.  level  the  corresponding  expected  X-ray  fluxes  in 
the  B8-C2  range  are  close  to  the  usual  quiet-Sun  fluxes  around  solar  maximum  as 
shown  in  Figure  3.  In  those  cases  the  10.7  cm  observations  should  provide  a  better 
diagnostic  of  gradual  solar  events  than  do  the  1-8  A  X-ray  fluxes.  On  the  other  hand, 
at  solar  minimum  the  substantially  lower  X-ray  background  levels  (Figure  3)  allow  the 
clear  observation  of  faint  LDEs  which  have  essentially  undetectable  10.7  cm  signatures. 
We  can  test  this  conclusion  by  comparing  the  total  numbers  of  >  4  hr  10.7  cm  and 
1-8  A  X-ray  events  during  solar  minimum  and  maximum.  During  1975-1977,  the  period 
around  solar  minimum,  10  bursts  with  Sp>  5  s.f.u.  were  reported  at  10.7  cm  (Table  I). 
To  convert  from  the  9  hr  effective  observing  window  to  an  equivalent  24  hr  window,  we 
multiply  by  2.67  to  get  a  total  of  27  bursts  at  10.7  cm  during  that  period.  During  the  same 
period  Koomen  et  al.  reported  46  X-ray  bursts.  On  the  other  hand,  during  1979-1982, 
around  solar  maximum,  the  number  of  10.7  cm  bursts  corrected  for  a  24-hr  window  was 
2.67  X  259  =  691,  substantially  larger  than  the  93  X-ray  bursts  reported  by  Koomen 
et  al.  The  X-ray  waveband  is,  therefore,  somewhat  better  as  a  diagnostic  of  gradual  solar 
events  around  solar  minimum,  but  the  10.7  cm  waveband  is  definitely  superior  around 
solar  maximum. 

The  two  diagonal  lines  of  Figure  5  show  the  expected  response  in  the  two  wavebands 
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for  isothermal  bremsstrahlung  sources  at  T  =  5  x  10^  K  and  10’  K.  To  calculate  the 
microwave  flux  /  at  10.7  cm  we  have  used  the  Equation  (A- 12)  of  Webb  and  Kundu 
(1978)  and  interpolated  values  of  the  Gaunt  factor  g  from  their  Table  III.  Values  of  the 
GOES  1-S  .4  fluxes,  are  taken  from  Equation  (10)  of  Thomas  el  al.  (1985).  We 
calculate  that 

(W  m“-)  =  9.3  X  10'^ /(s.f.u.)  at  7  =  5  x  10^  K  ,  and  (1) 

(W  m'-)  =  5.5  x  10~’/(s.f.u.)  at  7  =  10’  K  .  (2) 

The  data  of  Figure  5  are  clearly  consistent  with  a  thermal  bremsstrahlung  source  in  this 
temperature  range  (cf  Hudson  and  Ohki,  1972;  Shimabukuro,  1972).  X-ray  observa¬ 
tions  of  Skylab  LDEs  have  shown  a  similar  temperature  range  (MacCombie  and 
Rust,  1979). 

2.4.  COMP.XRISON  BETWEEN  STRONG  INTERPLANETARY  SHOCKS  AND  LDE/GRF 
BURSTS 

.Although  Sheeley  et  al.  (1983)  have  shown  that  some  CMEs  are  accompanied  by  short 
duration  ( <  4  hr)  X-ray  events,  've  might  ask  whether  the  most  energetic  CMEs  result 


Fig.  6.  Ottawa  and  Penticton  10.7  cm  bursts  associated  with  the  interplanetary  type  II  bursts  of  Cane 
(1985).  Bursts  with  durations  >4  hr  are  included  in  Table  I.  Bursts  with  arrows  are  lower  limits  due  to 
incomplete  observations.  Most  of  these  bursts  are  PBI  events  for  which  we  use  the  peak  flux  density  of  the 
PBI  component  only.  The  circled  numbers  accompanying  three  data  points  refer  to  the  event  numbers  in 
Table  I  of  Cane:  12  is  18  August,  1979;  36  is  9  November,  1981;  and  38  is  5  December,  1981. 
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in  both  X-ray  LDEs  and  microwave  GRF  bursts.  Since  Car"*,  Sheeley,  and  Howard 
(1987)  have  shown  that  the  most  energetic  CMEs  are  the  ones  resulting  in  strong 
interplanetary  shocks,  we  can  answer  this  question  by  examining  the  1-8  A  and  10.7  cm 
observations  for  these  shocks.  A  list  of  48  interplanetary  shocks  during  the  period 
1978-1983  strong  enough  to  produce  kilometric  type  II  emission  has  been  published  by 
Cane  (1985).  .-Ml  but  two  of  those  shocks  were  associated  with  solar  flares,  and  those 
two,  on  23  .\pril.  1979  and  5  December,  1981,  have  subsequently  been  associated  with 
the  eruption  of  quiescent  filaments  (Cane,  Sheeley,  and  Howard,  1986).  For  each  of  the 
-18  associated  X-ray  events,  which  range  from  Cl. 5  to  X7,  we  estimated  the  duration 
of  the  1-8  .4  burst  using  the  Koomen  et  al.  (1985)  criterion  of  a  flux  level  about  10% 
above  background  for  the  cutoff.  Thirty-five  of  the  48  had  durations  >4  hr. 

Nineteen  of  the  48  solar  events  of  the  Cane  (1985)  study  were  observed  at  10.7  cm 
at  Ottawa  or  Penticton.  The  peak  flux  densities  and  burst  durations  are  shown  in 
Figure  6.  The  bursts  of  Figure  6  are  quite  intense;  14  of  the  19  bursts  are  PBIs.  In 
comparison,  only  7“o  (57  of  795)  of  the  bursts  of  Table  I  are  PBIs,  the  remainder  being 
essentially  GRF  burst:  In  four  cases  of  burst  durations  <  4  hr,  incomplete  observations 
allowed  only  lower  limits  to  be  determined.  Twelve  of  the  remaining  15  (80%)  bursts 
exceeded  4  hr  in  duration,  yielding  a  slightly  better  association  with  the  strong  shocks 
than  did  the  >  4  hr  X-ray  LDEs  (35  of  48,  or  73%).  This  result  shows  that  70-80% 
of  the  most  energetic  CMEs  are  accompanied  by  >4  hr  X-ray  and  10.7  cm  bursts. 


3.  Discussion 

A  good  association  of  X-ray  LDEs  and  microwave  GRF  bursts  with  erupting  filaments 
and  CMEs  was  first  established  by  Sheeley  etal.  (1975).  Since  that  time,  however, 
microwave  observations  have  generally  been  neglected  in  favor  of  the  X-ray  observations 
in  studies  dealing  with  coronal  eruptive  events.  This  may  be  due  to  the  convenience  of 
the  daily  plots  of  GOES  X-ray  fluxes  published  in  SGD.  We  have  shown  that  the 

o 

substantial  variation  of  quiet-Sun  1-8  A  X-ray  fluxes,  which  can  exceed  two  orders  of 
magnitude  between  the  minimum  and  maximum  of  the  solar  cycle  (Kreplin  et  al.,  1977), 
probably  precludes  the  detection  of  faint  events  around  solar  maximum.  At  least  part 
of  this  variation  in  the  detection  threshold  must  be  due  to  the  use  of  a  logarithmic  scale 
to  display  the  X-ray  fluxes.  In  general  one  can  detect  a  variation  of  A  logF  >  a,  where 
a  might  be  0.3,  say,  in  the  log  plot.  Since  dlogF  =  0.4343  AF\F>  a,  the  minimum 
detectable  flux  of  the  X-ray  LDE,  AF,  is  directly  proportional  to  the  quiet-Sun  flux  F 
and  will  be  greatest  at  solar  maximum.  This  is  not  to  imply  that  linear  plots  of  X-ray 
fluxes  would  necessarily  be  more  advantageous  for  detection  of  LDEs,  because  it 
appears  that  the  fluctuations  in  the  flux  profiles  due  to  numerous  short-duration  bursts 
also  scale  roughly  with  F.  Thus  the  log  scale  and/or  the  background  fluctuations  result 
in  a  variable  threshold  for  AF  which  is  higher  by  a  factor  of  20-100  at  solar  activity 
maximum  than  at  minimum. 

The  averaged  10.7  cm  quiet-Sun  flux  densities,  on  the  other  hand,  vary  by  a  factor 
of  only  ~  4  throughout  the  solar  cycle,  and  we  find  that  the  quiet-Sun  variation  during 
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a  given  day  rarely  exceeds  5  s.f.u.  This  means  that  bursts  with  peak  flux  densities  of  at 
least  5  s.f.u.  should  be  reliably  detected  throughout  the  solar  cycle.  We  find  empirically 
(Figure  5)  that  this  level  corresponds  to  about  a  Cl  X-ray  flux.  Since  quiet-Sun  X-ray 
fluxes  around  solar  maximum  generally  exceed  Cl,  the  10.7  cm  data  should  be  a  more 
sensitive  indicator  of  LDEs  at  that  time.  This  is  borne  out  by  our  finding  that  the  number 
of  >  4  hr  bursts  detected  at  10.7  cm  during  1979-1982  exceeded  those  observed  in  soft 
X-rays  by  a  factor  of  ~  7. 

The  detection  and  occurrence  rates  of  LDEs  and  GRFs  is  of  interest  for  their  possible 
use  as  pro.xies  of  at  least  some  CMEs.  Let  us  ask  whether  an  X-ray  LDE  is  a  sufficient 
condition  for  a  CME.  Sheeley  et  al.  (1983)  has  shown  that  X-ray  flares  with  >  6  hr 
durations  are  always  associated  with  CMEs.  Their  result  was  based  on  15  events,  all 
of  which  had  peak  X-ray  fluxes  of  at  least  C6.  The  longest  and  largest  LDEs,  therefore, 
appear  to  be  a  sufficient  condition  for  the  occurrence  of  a  CME.  Previously,  Sheeley 
et  al.  (1975)  and  Kahler  (1977)  used  Skylab  data  to  estabhsh  that  LDEs  of  various  peak 
fluxes  are  well  associated  with  CMEs.  In  Kahler’s  study  we  find  that  9  of  12  LDEs  with 
peak  fluxes  between  B3  and  C5  and  lying  >  50°  from  central  meridian  were  associated 
with  observed  CMEs.  We  are  not  aware  of  any  more  comprehensive  study  relating 
LDEs  and  CMEs.  Therefore,  in  answer  to  our  question,  it  is  not  yet  clear  that  aU  weak 
(<  Cl)  X-ray  LDEs  are  necessarily  associated  with  CMEs.  Some  LDEs  may  be  due 
to  variations  in  active  region  brightness  (Krieger  et  al.,  1972;  Vaiana  and  Rosner,  1978). 
It  is  also  plausible  that  some  LDEs  may  result  from  non-eruptive  filament  dis¬ 
appearances  (Martin,  1973). 

A  >  4  hr  LDE  or  GRF  viewed  in  a  fuU-Sun  detector  is  not  a  necessary  condition  for 
the  observation  of  a  CME.  We  discussed  in  Section  2.4  the  result  that  only  70-80% 
of  the  energetic  CMEs  producing  interplanetary  type  II  bursts  (Cane,  1985)  are  asso¬ 
ciated  with  LDEs  or  GRFs.  In  addition,  Sheeley  et  al.  (1983)  found  that  the  probability 
for  a  given  X-ray  event  to  be  associated  with  a  CME  increases  monotonically  with  the 
duration  of  the  X-ray  event.  The  50%  value  occurs  at  ~3  hr,  showing  that  a  >4hr 
LDE  is  not  necessary  for  the  occurrence  of  a  CME.  Finally,  Webb  and  Hundhausen 
(1987)  found  that  about  one  quarter  of  all  the  SMM  CMEs  observed  in  1980  and  found 
to  have  some  near-surface  signature  did  not  have  an  X-ray  event  association  of  any 
time-scale.  It  should  be  pointed  out,  however,  that  all  three  of  these  studies  considered 
only  events  occurring  around  the  period  of  1978-1982,  during  solar  maximum,  and  the 
existence  of  long  duration  tails  on  initially  impulsive  events  might  be  masked  by  higher 
background  levels  at  those  times.  We  note  that  Koomen  etal.  (1985)  found  a  relative 
dearth  of  LDEs  during  these  years.  Given  this  state  of  affairs,  the  use  of  LDEs  as  a  proxy 
for  all  CMEs  is  unwcuranted,  as  Koomen  etal.  (1985)  suggested  earher. 

To  determine  in  further  detail  the  relationship  between  GRF/LDEs  and  CMEs,  it  will 
be  necessary  to  carry  out  a  one-to-one  correspondence  study  beginning  both  with 
GRF/LDEs  and  CMEs.  There  are  several  difficulties  with  such  a  study.  First,  one  has 
to  consider  thresholds  of  detections  for  both  events.  Secondly,  CMEs  near  central 
meridian  are  difficult  to  observe  but  are  well  observed  from  behind  the  limbs  where 
GRF/LDEs  are  poorly  observed.  Also,  one  generally  has  no  spatial  information  about 


the  source  position  of  a  GRF  LDE  event.  Thus  far.  these  factors  have  prevented  a 
detailed  understanding  of  the  association  between  CMEs  and  GRE/LDE  events. 

.Acknowledgements 

This  research  was  supported  at  Emmanuel  College  by  AFGL  contracts 
AF  196:S-8:-K-0039  and  AF  19628-87-K-0033.  We  thank  M.  Bell  for  sending  us 
Ottawa  reports  and  event  records,  M.  Koonien  and  V.  Gaizauskas  for  their  comments 
on  the  manuscript,  and  the  referee  for  helpful  suggestions. 

References 

Bel!.  MB.  Gaenon.  11.  P  ,  and  Moore.  J.  D.;  198<'>-1980,  Ob':er\aiions  of  Solar  Flux  at  the  Algonquin  Radio 
O/’veni.'.'ii'-i  .III  C.S/iU  A/H:  and  the  Dominion  Radio  Astrophysical  Observatory  on  2~00  MHz,  Monthly  Reports 
Januii'v  /V  -December  1985,  Report  numbers  .\RO-1  to  .ARO-15. 

C.ine.  H.  \  .:  !9S5.i.  Geophys.  Res.  90,  191. 

Cane.  11.  \  Kahler,  S.  W.,  and  Sheeley,  N.  R.,  Jr.;  1986,7.  Geophys.  Res.  91.  13321. 

Cane,  H  \'  .  Sheeley,  N.  R.,  Jr.,  and  Howard,  R.  .-V.:  1987,7.  Geophys.  Res.  92,  9869. 

Covington.  E.:  196"'-1968,  Solar  Noise  Observa’ions  at  2800  Mes  -  Ottawa.  Algonquin  Radii  Observatorv, 
at  2~O0  Mes  -  Penticton.  Dominion  Radio  Astrophysical  Observatory,  Monthly  Report  Numbers  216-251, 
National  Research  Council  of  Canada. 

Covington,  .-V.  E.,  Gagnon,  H.  P.,  and  Moore,  J.  D.;  1968-1977,  Observations  of  Solar  Flux  at  the  Algonquin 
Radio  Observatory  on  2800  MHz  and  tne  Dominion  Radio  Astrophysical  Observatory  on  2700  MHz,  Monthly 
Reports  January  1968-December  1976,  National  Research  Council  of  Canada. 

Donnelly,  R.  F.:  1981,  SMS-GOES  Solar  Soft  X-ray  Measurements,  Part  I,  SMS-l,  SMS-2,  and  GOES-1 
.Measurements  from  July  1.  1974,  Through  December 31 .  1976,  NOAA  Technical  Memorandum 
ERL  SEL-56 

Donnelly,  R.  F.  and  Bouwer,  S.  D.:  1981,  SMS-GOES  Solar  Soft  X-ray  Measurements,  Part  II,  SMS-2. 
GOES-l.  GOES-2,  and  GOES-3  measurements  from  January  I.  1977.  through  December  3 1 ,  1980,  NOAA 
Technical  .Memorandum  ERL  SEL-57. 

Howard,  R.  A.,  Sheeley,  N.  R..  Jr.,  Michels,  D.  J.,  and  Koomen,  M.  J.:  1986,  in  R.  G.  Marsden  (ed.),  The 
Sun  and  the  Heliosphere  in  Three  Dimensions,  D.  Reidel  Publ.  Co.,  Dordrecht,  Holland,  p.  107. 

Hudson,  H.  S.:  1978.  Solar  Phys.  51,  237. 

Hudson.  H.  S.  and  Ohki,  K.:  1972,  Solar  Phys.  23,  155. 

Kahler,  S.:  1977,  Astrophys.  J.  214,  891. 

Koomen,  .M.  J.,  Sheeley  ,  N.  R.,  Jr.,  Howard,  R.  A.,  and  Michels,  D.  J.:  1985.  Solar  Phys.  97,  375. 

Kopp,  R.  .A.  and  Pneuman,  G.  W.:  1976,  Solar  Phys.  50,  85. 

Kreplin,  R.  W.,  Dere,  K.  P.,  Horan,  D.  M.,  and  Meekins,  J.  F.;  1977,  in  O.  R.  White  (ed.).  The  Solar  Output 
and  Its  Variation,  Colorado  Associated  University  Press,  Boulder,  Colorado,  p.  287. 

Krieger,  .A.,  Paolini,  F.,  Vaiana,  G.  S.,  and  Webb,  D.:  1972,  Solar  Phys.  22,  150. 

MacCombie,  VV.  J.  and  Rust,  D,  M.:  1979,  Solar  Phys.  61,  69. 

Martin,  S.  F.:  1973,  Solar  Phys.  31,  3. 

Sheeley,  N.  R.,  Jr.,  Bohlin,  J.  D.,  Brueckner,  G.  E.,  Purcell,  J.  D.,  Scherrer,  V.  E.,  Tousey,  R  ,  Smith,  J.  B., 
Jr.,  Speich,  D.  M.,  Tandberg-Hanssen,  E.,  Wilson,  R.  M.,  de  Loach,  A.  C.,  Hoover,  R.  B.,  and  McGuire, 
J.  P.:  1975,  Solar  Phys.  45,  377, 

Sheeley,  N  R..  Jr.,  Howard,  R.  A.,  Koomen,  M.  J.,  and  Michels,  D.  J.:  1983,  Astrophys.  J.  Ill,  349. 
Shimabukuro,  F.:  1972,  Solar  Phys.  23,  169. 

Solar-Geophysical  Data:  1979-1983,  Boulder,  National  Oceanic  and  Atmospheric  Administration. 
Thomas.  R.  J.,  Starr,  R.,  and  Crannell,  C.  J.;  1985,  Solar  Phys.  95,  323. 

Vaiana,  G.  S.  and  Rosner,  R.:  1978,  Ann.  Rev.  Astron.  Astrophys.  16,  393. 

Webb,  D.  F.  and  Hundhausen,  A.  J.;  1987,  Solar  Phys.  108,  383. 

Webb,  D.  F.  and  Kundu,  M.  R.:  1978,  Solar  Phys.  57,  155. 


1*»  r\LHOrti  StCUrtiTY  LLASilMv-ATiUN 

Unclassified 


.id  SKuKiTY  CLASiiriCAIiON  AuTrtOKiTY 


REPORT  DOCUMENTATION  PAGE 


ID  KESrKiCIlVE  MAKK.INGS 


D  DcCUSGilfiCATlOM  .  DOWNGKAOING  SCHEDULE 


Pc.vfOKMiNO  OiIGANliATlON  KtHORI  NUMU£R(S) 


3.  DISTRIBUTION /AVAILABILITY  Of  REfORT 

Approved  for  public  release; 

DiscrlbuClon  Unlimited 


S.  monitoring  ORGANIZATION  REPORT  NUMBERIS) 

GL-TR-89-0127 


oa,  NAV.t  Of  PcRrOKMlNG  ORGANIZATION 

Emmanuel  College 


6c  ADDRESS  (Gty,  State,  and  ZIP  Code) 
COO  The  Fenway 
Boston,  MA  02115 


Sa  NAME  Of  fuNDlNG/SPONSOPiNG 
ORGANIZATION 


&c  ADDRESS  (Ory.  Scdte,  4/x^  2/PCoaeJ 


11.  fiTuc  [tniiuae  SeCuT»ry  CUmtiCihOn) 

Solar  Cycle  Variation  of  Long  Duration  10,7  CM  and  Soft  X-Ray  Bursts 


6o.  Of-flCE  SYMBOL  7a.  NAME  Of  MONITORING  ORGANIZATION 
(it  app//ca6/ei 

Geophysics  Laboratory 


7b  ADDRESS  (C/ty,  State,  and  ZIP  Code) 

Hanscom  AFB 

Massachusetts  01731-5000 


8D  Off  ICE  SYMBOL  9.  PROCUREMENT  INSTRUMENT  iDENTlflCATION  NUMBER 

(II  eppi, cable)  F19628-87-K-0033 


10  SOURCE  Of  fUNDING  NUMBERS 


i 


program 

PROJECT 

TASK 

WORK  UNIT 

element  no. 

NO. 

NO. 

ACCESSION  NO 

61102F 

2311 

G4 

BA 

12  personal  AUThOR(SJ 

S.  Kahler;  E.W. 

.3a.  Type  Of  REPORT 

Scientific  .1!  4 


1 16.  SUPPLEMENTARY  NOTATION  *  AFGL/PHP,  Hanscom  AFB,  MA  01731  ^ 

Reprinted  from  Solar  Physics,  Vol  115,  pp  385-396,  1988  '• 

1 7 _ _ COSaTI  codes _  18.  SUBiECT  TERMS  (Continue  on  revene  If  neceuary  and  identify  by  block  number) 

Field  group  sub-group  ~  Sun 

Flares  ^  ^  , 

'Long  Duration  Microwave  Bursts  ,  ^ 

19  abstract  (Continue  on  rere/se  it  necessary  and  identify  by  block  number) 

\ _  - : - - 

Ab&irpci.  Gradual  nse>and-f<iil  (GRF)  microwave  bursts  and  long  duration  soft  X-ray  events  (LD£s)  are 
generdlly  accompuiicd  by  solar  coronal  mass  ejections  (CMEs).  We  use  reports  from  the  Ottawa  and 
'  Pcnocion  stations  to  examine  the  annual  variations  from  1965  to  )98S  of  10.7  cm  GRF  bursts  with  total 

'  durations  of  at  least  4  hr.  The  annual  numbers  of  such  bursts  are  well  correlated  with  the  quiel-Sun  10.7  cm 

Ilux  densities  This  result  is  in  contrast  with  the  finding  of  Koomen  ti  ai  (1985)  that  the  annual  numbers 
of  ^  4  iir  GOES  soft  X  ''ay  events  are  not  well  correlated  with  sunspot  numbers.  We  show  that  the  latter 
result  IS  biased  by  the  targe  v;‘'’iation  of  the  quici-Sun  X-ray  background  throughout  the  solar  cycle, 
four-hour  events  are  more  easily  deiccicd  in  X-ray  data  than  in  10.7  cm  data  at  solar  minimum,  but, 
conver.scly,  these  events  arc  much  more  easily  detected  in  10.7  cm  data  around  solar  maximum.  About  70% 
of  the  most  energetic  CMEs  arc  associated  with  ^4  hr  X-ray  or  10.7  cm  bursts.  A  onc-io-onc  rclalioosl.lp 
dtics  r.o;  exist  between  CMEs  and  either  LDBs  or  GRF  bursts  viewed  in  fuU-Sun  detectors.  -  t 


Oliver* 


1 3b.  TIME  COVERED 
FROM  _  TO 


14.  DATE  OF  REPORT  (Year,  Month,  Day)  IS.  PAGE  COUNT 

1989  May  16  1  ^2 


17 

COSATI  CODES  1 

Field 

GROUP 

SUB-GROUP 

j  20  D.LTRiUuTlON  (AVAILABILITY  OF  ABSTRACT 
I  □unClaSSiFiED/UNlIMiTED  □  SAME  AS  RPT 
j  22o  jAMt  OF  Responsible  individual 
Edward  Cllv'’r 


DD  FORM  1473,  B-l  MAR 


ACT  zi.  abstract  security  classification 

AS  RPT  Cl  otic  users _ Unclassified _ 

:2b  telephone  (include  Area  Code)  j  22c.  OFFICE  SYMBOL 

GL/PHP 

83  APR  ed.uon  may  be  uied  unul  e.huusied.  SECURITY  CLASSIFICATION  Of  THIS  PAGE 

All  Other  editions  are  obsolete.  ' 

Unclassified 


